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Abstract
We investigate the potential of the pp→ γγγ process to probe CP-conserving and CP-violating dimension-
six operators of Higgs-gauge boson interactions in a model-independent Standard Model effective field theory
framework at the center of mass energy of 100 TeV which is designed for the Future Circular hadron-hadron
Collider. Signal events assuming the existence of anomalous Higgs boson couplings at Hγγ and HZγ
vertices and the relevant SM background events are generated in MadGraph, then passed through Pythia
8 for parton showering and Delphes to include detector effects. After detailed examination of kinematic
variables, we use the invariant mass distribution of the two leading photons with optimized kinematic cuts
to obtain constraints on the Wilson coefficients of dimension-six operators. We report that limits at 95%
confidence level on c¯γ and c˜γ couplings with an integrated luminosity of 10 ab−1 are [-0.0051; 0.0038] and
[-0.0043; 0.0043] without systematic error, respectively.
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I. INTRODUCTION
The investigation of the Higgs sector of Standard Model (SM) responsible for the mechanism
of the electroweak symmetry breaking has become an attraction point in particle physics after
the ATLAS and CMS collaboration’s discovery of a scalar particle with a mass of 125 GeV which
is compatible with the predicted Standard Model (SM) Higgs boson [1, 2]. Thus, the precision
measurements of the Higgs couplings have a great potential to shed light on the new physics beyond
the SM involving massive particles that are decoupled at energy scales much larger than the Higgs
sector energies. One of the well-known investigation methods looking for a deviation from SM is
the Effective Field Theory (EFT) approach which is based on potential new physics contributions
beyond the SM effects described by a systematic expansion in a series of high dimensional operators
beyond the SM fields as well as SM operators [3, 4]. Since the dimension-6 operators are loop
induced, their matching to ultraviolet (UV) models is simplified by universal one-loop effective
action [5]. Therefore, the dimension-6 operators play an important role in the EFT framework.
There have been many studies on EFT operators between Higgs and SM gauge boson via different
production mechanisms at hadron colliders [6–23]. Among the production mechanisms in the hadron
colliders, events containing three photons in the final state provides an ideal platform to search
for deviations from SM since it is rare in the SM and involves only pure electroweak interaction
contributions at tree level [24–26]. In addition, prior to these searches at hadron colliders, there were
similar searches for anomalous Higgs couplings using EFT formalism in the triphoton final state
(and others) as for example [27–29]. The triphoton can be produced in hadron-hadron collisions
either in the hard interaction via annihilation of an initial state quark-antiquark pair which is called
direct production or from the fragmentation of high pT parton which is called fragmentation process.
Since photons produced via direct production are typically isolated, requiring isolated photons will
reduce the background contributions from the decays of unstable particles such as pi0 → γγ and
suppress the signal process with one or more fragmentation photons.
One of the future projects currently under consideration by CERN is the Future Circular Collider
(FCC) facility which would be built in a 100 km tunnel and designed to deliver pp, e+e− and ep
collisions [30]. The FCC facility which has the potential to search for a wide parameter range of
new physics is the energy frontier collider project following the completion of the LHC and High-
luminosity LHC physics programmes. One of the FCC options, the FCC-hh, is designed to provide
proton-proton collisions at the proposed 100 TeV centre-of-mass energy with peak luminosity 5×1034
cm−2s−1 [31, 32].
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In this study, we investigate the potential of the process pp→ γγγ at FCC-hh in the existence of
anomalous Higgs boson couplings atHγγ andHZγ vertices. Description of the SM EFT Lagrangian
is given in the next section. Details of the analysis including event generation, detector effects and
event selection as well as statistical method used to obtain the limits on the anomalous Higgs-
neutral gauge boson couplings are illustrated in section III. Our results for an integrated luminosity
of 10 ab−1 are presented and discussed in the last section.
II. EFFECTIVE OPERATORS
The most general form of effective Lagrangian including dimension-6 operators expressed in the
basis convention of the Strongly Interacting Light Higgs (SILH) [33] as well as SM is given as
follows;
Leff = LSM +
∑
i
c¯iOi +
∑
i
c˜iOi (1)
where c¯i and c˜i are normalized Wilson coefficients of the CP-conserving and CP-violating interac-
tions, respectively. In this work, we focused on the CP-conserving and CP-violating interactions
of the Higgs boson and electroweak gauge boson in the SILH basis. The CP-conserving part of an
effective Lagrangian is
LCPC = c¯H
2v2
∂µ
[
Φ†Φ
]
∂µ
[
Φ†Φ
]
+
c¯T
2v2
[
Φ†
←→
D
µ
Φ
][
Φ†
←→
D µΦ
]− c¯6λ
v2
[
Φ†Φ
]3
−
[
c¯u
v2
yuΦ
†Φ Φ† · Q¯LuR + c¯d
v2
ydΦ
†Φ ΦQ¯LdR +
c¯l
v2
ylΦ
†Φ ΦL¯LeR + h.c.
]
+
ig c¯W
m2W
[
Φ†T2k
←→
D µΦ
]
DνW kµν +
ig′ c¯B
2m2W
[
Φ†
←→
D µΦ
]
∂νBµν
+
2ig c¯HW
m2W
[
DµΦ†T2kDνΦ
]
W kµν +
ig′ c¯HB
m2W
[
DµΦ†DνΦ
]
Bµν
+
g′2 c¯γ
m2W
Φ†ΦBµνBµν +
g2s c¯g
m2W
Φ†ΦGaµνG
µν
a
(2)
where Φ is the Higgs sector containing a single SU(2)L doublet of fields; λ is the Higgs quartic
coupling; g′, g and gs are coupling constant of U(1)Y , SU(2)L and SU(3)C gauge fields, respectively;
yu, yd and yl are the 3 × 3 Yukawa coupling matrices in flavor space; the generators of SU(2)L
in the fundamental representation are given by T2k = σk/2 (here σk are the Pauli matrices);
←→
D µ
correspond to the Hermitian derivative operators; Bµν , Wµν and Gµν are the electroweak and the
strong field strength tensors, respectively.
The effective Lagrangian in the SILH basis can be expanded to involve the extra CP -violating
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operators defined as,
LCPV = ig c˜HWm2W D
µΦ†T2kDνΦW˜ kµν +
ig′ c˜HB
m2W
DµΦ†DνΦB˜µν +
g′2 c˜γ
m2W
Φ†ΦBµνB˜µν (3)
+
g2s c˜g
m2W
Φ†ΦGaµνG˜
µν
a +
g3 c˜3W
m2W
ijkW
i
µνW
νj
ρW˜ ρµk+
g3s c˜3G
m2W
fabcG
a
µνG
νb
ρG˜
ρµc
where
B˜µν =
1
2
µνρσB
ρσ , W˜ kµν =
1
2
µνρσW
ρσk , G˜aµν =
1
2
µνρσG
ρσa
are the dual field strength tensors.
The SILH bases of CP-conserving and CP-violating dimension-6 operators given in Eq.2 and
Eq.3 can be defined in terms of the mass eigenstates after electroweak symmetry breaking. The
Lagrangian with the relevant subset of anomalous Higgs and neutral gauge boson couplings in the
mass basis for triphoton production is as follows
L = −1
4
ghγγFµνF
µνh− 1
4
g˜hγγFµνF˜
µνh
− 1
4
g
(1)
hzzZµνZ
µνh− g(2)hzzZν∂µZµνh+
1
2
g
(3)
hzzZµZ
µh− 1
4
g˜hzzZµνZ˜
µνh (4)
− 1
2
g
(1)
hazZµνF
µνh− 1
2
g˜hazZµνF˜
µνh− g(2)hazZν∂µFµνh
where Zµν and Fµν are the field strength tensors of Z-boson and photon, respectively. The effective
couplings in the gauge basis defined as dimension-6 operators are given in Table I in which aH
coupling is the SM contribution to the Hγγ vertex at loop level.
TABLE I: The relations between Lagrangian parameters in the mass basis (Eq.4) and the Lagrangian in
gauge basis (Eqs. 2 and 3). (cW ≡ cos θW , sW ≡ sin θW )
ghγγ= aH − 8gc¯γs
2
W
mW
g˜hγγ = − 8gc˜γs
2
W
mW
g
(1)
hzz=
2g
c2WmW
[
c¯HBs
2
W − 4c¯γs4W + c2W c¯HW
]
g
(2)
hzz=
g
c2WmW
[
(c¯HW + c¯W )c
2
W + (c¯B + c¯HB)s
2
W
]
g
(3)
hzz=
gmW
c2W
[
1− 12 c¯H − 2c¯T + 8c¯γ s
4
W
c2W
]
g˜hzz = 2gc2WmW
[
c˜HBs
2
W − 4c˜γs4W + c2W c˜HW
]
g
(1)
hγz=
gsW
cWmW
[
c¯HW − c¯HB + 8c¯γs2W
]
g˜hγz = gsWcWmW
[
c˜HW − c˜HB + 8c˜γs2W
]
g
(2)
hγz=
gsW
cWmW
[
c¯HW − c¯HB − c¯B + c¯W
]
This parametrization [33] based on the formulation [34] is not complete [35, 36] since it chooses
to remove two fermionic invariants while retaining all the bosonic operators. However, this choice
assumes completely unbroken U(3) flavor symmetry of the UV theory and flavor diagonal dimension-
six effects. At the end, we only claim a sensitivity study for c¯HW , c¯HB, c¯γ , c˜HW , c˜HB and c˜γ
couplings and do not consider higher order electroweak effects.
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Our study is based on the Monte Carlo simulations with leading order in
MadGraph5_aMC@NLO v2.6.3.2 [37] involving the effect of the dimension-6 operators on the
triphoton production mechanism in pp collisions. The effective Lagrangian of the SM EFT in
Eq.(4) is implemented into the MadGraph5_aMC@NLO event generator using FeynRules [38] and
UFO [39] framework. The triphoton process is sensitive to Higgs-gauge boson couplings; ghγγ and
ghzγ , and the couplings of a quark pair to single Higgs field; y˜u, y˜d in the mass basis. On the other
hand, this process is sensitive to the eight Wilson coefficients in the gauge basis: c¯W , c¯B, c¯HW ,
c¯HB, c¯γ , c˜HW , c˜HB and c˜γ related to Higgs-gauge boson couplings and also effective fermionic
couplings. Due to the small Yukawa couplings of the first and second generation fermions, we
neglect the effective fermionic couplings. We set c¯W + c¯B to zero in all our calculations since
the linear combination of c¯W + c¯B is strongly constrained from the electroweak precision test of
the oblique parameters S and T . The tree level Feynman diagrams of the leading-order partonic
subprocesses for direct production (qq¯ → γγγ) of three photon in pp collision are given Fig.1.
The first three diagrams account for only SM background process (Fig.1 (a)-(c)) while the others
(Fig.1 (d)-(e)) for the signal processes including anomalous Hγγ and HγZ vertices. Fig.2 shows
the cross sections of qq¯ → γγγ partonic subprocess as a function of the CP-conserving c¯HW , c¯HB,
c¯γ couplings on the left panel and the CP-violating c˜HW , c˜HB and c˜γ couplings on the right panel.
The cross sections are calculated at leading order including the transverse momentum( pγT ) and
pseudo-rapidity (ηγ) cuts of all photons as pγT > 15 GeV and |ηγ1,2 | < 2.5, respectively. In this
figure, one of the effective couplings is non-zero at a time, while the other couplings are fixed to
zero and the SM cross section is recovered at the points c¯HW=c¯HB=c¯γ=0 and c˜HW=c˜HB=c˜γ=0.
One can easily see the deviation from SM for c¯γ and c˜γ couplings even in a region of small values
for qq¯ → γγγ subprocess. The triphoton process is not sensitive to variations of c¯HW , c¯HB, c˜HW
and c˜HB couplings, but only to c¯γ and c˜γ . Therefore, we will only consider these couplings in the
detailed analysis including detector effects through triphoton production at FCC-hh with 100 TeV
center of mass energy in the next section.
III. SIGNAL AND BACKGROUND ANALYSIS
We perform the detailed analysis of c¯γ and c˜γ effective couplings via pp → γγγ process for
signal including SM contribution as well as interference between effective couplings and SM con-
tributions (S + BSM ). We consider the relevant backgrounds; the same final state of the con-
sidered signal process including only SM contribution (BSM ) and pp → γγ+jet SM process in
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which jet may fake a photon (Bγγj). 500k events are generated at leading order partonic level
in MadGraph5_aMC@NLO v2.6.3.2 for both SM backgrounds as well as 10 different values of CP-
conserving and CP-violating couplings in the range between 0.1 and 0.0007. These events are
passed through the Pythia 8 [40] including initial and final parton shower and the fragmentation
of partons into hadron. The detector responses are taken into account with FCC detector card in
Delphes 3.4.1 [41] package. Details of the FCC detector is given in conceptional design report
of FCC-hh [31]. In this card, the photon identification efficiency γ= 95% for |η|<2.5, the light
jet-to-photon mis-identification probability parameterised by the function j→γ = 0.002 exp(-pT
[GeV]/30), the ECAL having an energy resolution around 10%/
√
E and the hadron calorimetry
around 50%/
√
E for single particles are assumed. The minimum photon transverse momentum of
photon is set to 0.5 GeV and the requirement of calorimetry acceptance up to |η| ≈ 6 translates into
an inner active radius of only 8 cm at a z-distance of 16.6 m from the IP. No pile-up contribution
is taken into account in our study. All events are analysed by using the ExRootAnalysis utility [42]
with ROOT [43].
Requiring at least 3 photons with their transverse momenta (pγT ) greater than 0.5 GeV is the
pre-selection of the event for detailed analysis. First of all, photons are ordered according to their
transverse momentum, i.e., pγ1T > p
γ2
T > p
γ3
T . In order to obtain the best kinematic cuts to select
the signal and background events, transverse momentum (pγT ) and pseudo-rapidity (η
γ) of the first,
second and third leading photons versus the invariant mass of two leading photons for the presence
of a signal with values c¯γ=0.05 and c˜γ=0.05 and relevant SM backgrounds are plotted in Fig. 3,
Fig. 4 and Fig. 5 , respectively. There is an apparent lower cut on the pT around 10 GeV, due
to photon trigger set to 0.5 GeV in Delphes card, for invariant masses larger than 10 GeV. These
photons are produced by Pythia during initial and final parton shower and the fragmentation of
partons into hadron. Comparison of the signal and SM background distributions in Fig. 3 and
Fig. 4 indicates that pγ1T > 40 GeV, p
γ2
T > 25 GeV and |ηγ1,2 | < 2.5 at the region of Higgs mass. In
order the prevent distortion of the low end of the invariant mass spectrum of two photon, we use
the thresholds in pT /mγ1γ2 rather than fixed cut in pT . Therefore, we apply p
γ1(γ2)
T /mγ1γ2 to be
greater than 1/3 (1/4) in addition to fixed cut on the transverse momentum of the third leading
photon pγ3T > 12 GeV as seen in Fig. 5. Since the photon isolation is a useful requirement to select
prompt photons, the minimum distance between each photon is required to satisfy ∆R(γi, γj) =[
(∆φγi,γj ])
2 + (∆ηγi,γj ])
2
]1/2
> 0.4 where ∆φγi,γj and ∆ηγi,γj are the azimuthal angle and the
pseudo rapidity difference between any two photons, respectively. The invariant mass of three-
photons versus the the invariant mass of two photons for the signal c¯γ=0.05 and c˜γ=0.05 and
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TABLE II: Number of signal and background events after each kinematic cuts used in the analysis with
Lint = 10 ab−1.
Cuts S+BSM (c¯γ=0.05) S+BSM (c˜γ=0.07) BSM Bγγj
Pre-selection ( Nγ ,> 3 Njet = 0) 4489272 3701687 3329733 1268275000
p
γ1(γ2)
T /mγ1γ2 > 1/3(1/4) 1695195 1459231 1225650 4373358
|ηγ1,2 | < 2.5 1651206 1417996 1192817 3699204
∆R(γi, γj) > 0.4 1638638 1407484 1183304 3578202
mγ1γ2γ3 > 120 GeV 754423.5 720973.9 502006.7 916158
122 GeV < mγγ < 128 GeV 113170.5 198460.2 23371.5 69144
relevant SM Background are shown in Fig.6. We also applymγ1γ2γ3 > 120 GeV to exclude distortion
of the low end of the invariant mass spectrum of two photon. After all mentioned kinematic cuts,
the reconstructed invariant mass of two leading photons is presented for the signal plus total SM
backgrounds (S + BT (c¯γ = 0.05)) and (S + BT (c˜γ = 0.07 )) and relevant total SM backgrounds
(BT = BSM + Bγγj) in Fig.7. Finally, events in which reconstructed invariant mass from two
leading photons is in the range of 122 GeV < mγγ < 128 GeV are used to obtain limits on the
anomalous Higgs effective couplings. A summary of the cuts used in the analysis as well as number
of events after each cuts is given in Table II. As seen from this table, final effect of the all cuts is
approximately 2.5%-5.4% for S+BSM (c¯γ=0.05) and S+BSM (c˜γ=0.07) while 0.7%-0.005% for other
relevant backgrounds, respectively.
The sensitivity of the dimension-6 Higgs-gauge boson couplings in pp→ γγγ process is evaluated
by means of a χ2 fit to the simulated data. The χ2 function with and without a systematic error
is defined as follows
χ2 =
nbins∑
i
(
NNPi −NBi
NBi ∆i
)2
(5)
where NNPi is the total number of events in the existence of effective couplings (S) , N
B
i is number
of events of relevant SM backgrounds in ith bin of the invariant mass distributions of reconstructed
Higgs boson from two leading photon, ∆i =
√
δ2sys +
1
NBi
is the combined systematic (δsys) and
statistical errors in each bin. In this analysis, we focused on c¯γ and c˜γ couplings which are the main
coefficients contributing to pp→ γγγ signal process.
Fig. 8 shows the obtained χ2 value as a function of c¯γ and c˜γ couplings for 100 TeV center of mass
energy with an integrated luminosity of Lint = 10 ab−1 without and with systematic errors (1%
and 5%). The 95% Confidence Level (C.L.) limits without systematic error on dimension-6 Higgs-
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gauge boson couplings c¯γ and c˜γ are [-0.0051; 0.0038] and [-0.0043; 0.0043], respectively. If taking
into account 5% systematic error, the obtained limits for Lint=10 ab−1, about three times worse
than obtained limits without systematic errors. The current experimental limits on these couplings
probed using a fit to five differential cross sections measured by ATLAS experiment in H → γγ
decay channel with an integrated luminosity of 20.3 fb−1 at
√
s=8 TeV are [-0.00074; 0.0057] and
[-0.0018; 0.0018] in Ref. [15]. However, a similar analysis carried out by ATLAS Collaboration
using 36.1 fb−1 of proton-proton collision at
√
s = 13 TeV did not consider c¯γ and c˜γ couplings due
to the lack of sensitivity of the H → γγ decay channel [23]. The high luminosity LHC constraint
on CP-conserving coupling c¯γ extrapolated from LHC Run1 data with pp→ H + j, pp→ H + 2j,
pp→ H, pp→W +H, pp→ Z +H and pp→ tt¯+H production modes using a shape analysis on
the Higgs transverse momentum is obtained [-0.00016; 0.00013] at 95 % CL at the center-of-mass
energy of 14 TeV with 3000 fb−1 [16]. Using Run-1 data with variety of Higgs and electroweak boson
production channels, constraint on CP-violating c˜γ coupling is [-0.0012; 0.0012] and expected to be
a factor of 2 improvement with the high-luminosity LHC prospects [12]. Phenomenological study on
CP-conserving the dimension-six operators via pp→ H+γ process have been performed considering
a fast detector simulation with Delphes at
√
s=14 TeV [18]. It is found that the limits on coupling
c¯γ is expected to be [-0.013; 0.023] and [-0.0042; 0.0075] with the integrated luminosities of 300
fb−1 and 3000 fb−1, respectively. Both Zγ and γγ decays of Higgs boson proceed similarly through
loop diagrams in the SM. The branching ratios for the Higgs boson decay to Zγ is predicted by
the SM to be (1.54 ± 0.09) × 10−3 at mH = 125.09 GeV, which is comparable with the branching
ratio of the Higgs boson decay to a photon pair, (2.27 ± 0.05) × 10−3 [44]. Using obtained the
limits on the coupling c¯γ (c˜γ), we compute these branching ratios as 1.07× 10−3(12.25× 10−3) and
0.41× 10−3 (0.57× 10−3), respectively. Our results are consistent with SM predictions done so far
except BR(H → γγ )=12.25× 10−3 for c˜γ=0.0043 due to obtained relatively large coupling value.
IV. CONCLUSIONS
We have investigated the CP-conserving and CP-violating dimension-6 operators of Higgs boson
with other SM gauge boson via pp→ γγγ process using an effective Lagrangian approach at FCC-hh
(
√
s = 100 TeV, Lint=10 ab−1). We have used leading-order strongly interacting light Higgs basis
assuming vanishing tree-level electroweak oblique parameterize and flavor universality of the new
physics sector considering realistic detector effect in the analysis. We have shown the 2D plots of
kinematic variables, transverse momentum and pseudo-rapidity of each photon and invariant mass
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distributions of three photon as function of reconstructed invariant mass of two leading photons to
determine a cut-based analysis. The reconstructed invariant mass of Higgs-boson from two leading
photons is used to obtain limits on the anomalous Higgs effective couplings. We have obtained
95 % C.L. limits on dimension-six operators analysing invariant mass distributions of two leading
photon in pp → γγγ signal process and the relevant SM background. The pp → γγγ process is
more sensitive to c¯γ and c˜γ couplings than the other dimension-six couplings. Our results show
that FCC-hh with
√
s = 100 TeV, Lint=10 ab−1 will be able to probe the dimension-six couplings
of Higgs-gauge boson interactions in pp → γγγ process especially for c¯γ and c˜γ couplings as [-
0.0051; 0.0038] and [-0.0043; 0.0043] without systematic error, respectively. Finally, including all
production modes as well as triphoton production in a global fit to the experimental data would
affect the exclusion ranges and may improve the sensitivities.
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FIG. 1: The Feynman diagrams for ((a)-(c)) for SM and ((d)-(e)) the signal contribution with the effective
Lagrangian of qq¯ → γγγ partonic subprocesses.
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CP-violating c˜HW , c˜HB and c˜γ couplings (right) for qq → γγγ subprocess at the FCC-hh with
√
s=100 TeV.
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FIG. 3: Distributions of transverse momentum (in the first row) and the pesudo-rapidity (in the second row)
of the first leading photon versus invariant mass of two leading photons for S+BSM (c¯γ=0.05) and S+BSM
(c˜γ=0.05), BSM and Bγγj backgrounds (left-to-right).
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FIG. 4: Distributions of transverse momentum (in the first row) and the pesudo-rapidity (in the second
row) of the second leading photon versus invariant mass of two leading photons for S+BSM (c¯γ=0.05) and
S+BSM (c˜γ=0.05), BSM and Bγγj backgrounds (left-to-right).
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FIG. 5: Distributions of transverse momentum (in the first row) and the pesudo-rapidity (in the second
row) of the third leading photon versus invariant mass of two leading photons for S+BSM (c¯γ=0.05) and
S+BSM (c˜γ=0.05), BSM and Bγγj backgrounds (left-to-right).
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FIG. 6: Distribution of invariant mass of three-photons versus invariant mass of two photons for signal
c¯γ=0.05 and c˜γ=0.05 and relevant SM Background
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FIG. 7: Invariant mass distribution of two photons after all kinematical cuts for signal S + BT (c˜γ=0.07)
(red), S +BT (c¯γ=0.05) (green) and relevant total SM Background BT (blue) .
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FIG. 8: Obtained χ2 as a functions of c¯γ (left) and c˜γ (right) couplings for 100 TeV center of mass energy
for the integrated luminosity of 10 ab−1 (the dotted line corresponds to 95% C.L.) including without and
with systematic errors (1% and 5%). The limits are each derived with all other coefficients set to zero.
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